Abstract: The syntheses of pentaammineruthenium(I1) and pentaammineruthenium(II1) complexes of pyridine and analogous aromatic nitrogen heterocycles are reported here. The pentaammineruthenium(I1) complex of each of these heterocyclic ligands has an intense absorption band in the visible region which, on the basis of evidence presented below, is assigned to a metal-to-ligand charge-transfer transition. The pentaamminepyrazineruthenium-(11) complex ion can be protonated in a reversible fashion, presumably at the noncoordinated nitrogen of the 1,4-diazine. The pK, of this complex demonstrates that the dipositive ion is approximately two orders of magnitude more basic than the free ligand. This result and related data are interpreted in terms of ground-state ir back-bonding from the ruthenium(I1) to the aromatic ligand.
W parison of the reactivity of various ruthenium-(111) complexes, which have low-spin d5 electronic configurations, to analogous cobalt(II1) complexes (lowspin d6) would improve our understanding of the role of electronic configuration in the mechanism of reductions of these complexes. Pentaammineruthenium(II1) complexes of nitrogen heterocycles such as pyridine derivatives are of special interest because it is reported that reductants such as chromium(I1) can attack at ligand sites remote from the metal ion center in certain Co(II1) analogs.
Remote attack may require transfer of the reducing electron through the conjugated n orbitals of the aromatic ligand. It has been suggested that the ruthenium-(111) complexes having a n-symmetry (t2,) acceptor orbital might demonstrate dramatically different reactivity characteristics in reductions by remote attack from Co(II1) analogs having u-symmetry (or e,) acceptor orbitals. In the course of investigating these problems, we have synthesized a number of pentaammineruthenium(I1) and pentaammineruthenium(II1) complexes of aromatic nitrogen heterocycles. These have been found to have interesting physical and spectral properties; their description and interpretation form the subject of this paper.
Results
Spectral Characteristics. The spectrum of pentaamminepyridineruthenium(I1) perchlorate in aqueous solution is shown in Figure 1 . Characteristic of the spectrum of this complex and of the pentaammineruthenium(I1) complexes of related aromatic nitrogen heterocycles is an intense absorption band in the visible range having an extinction coefficient approximately lo4 M-'cm-'. Comparison ofthe spectrum in the visible range for pentaammineruthenium(I1) perchlorate in aqueous solution to the spectra of pentaamminepyridineruthenium(II1) perchlorate ( Figure 1 ) and of hexaammineruthenium(I1) perchlorate (Table I) solutions demonstrates that among these the band occurring at 407 mp is unique to the Ru(I1)-pyridine species. Somewhat analogous absorptions have been observed in the spectra of other pyridine complexes with d6 metal ions. For example, the spectra of pyridine complexes of chloroiridium(II1) show intense visible range absorptions which are suggested by Jorgensen3 to arise from metal-to-ligand charge transfers. The only other high-intensity absorption apparent in the electronic spectrum of the pentaamminepyridineruthenium(I1) complex occurs in the ultraviolet region of the spectrum at 244 mp. The position of this band and its intensity, E 4.6 X lo3 M-' cm-I, are similar to those for free pyridine and for protonated pyridine (Table I) implying that this transition is essentially localized in the aromatic ligand and is presumably analogous to the n* -T absorption seen in the free ligand. Similar bands occur in the spectrum of pentaamminepyridineruthenium(II1); on the other hand, transitions in this region for hexaammineruthenium(I1) and the hexaammineruthenium(II1) are of much lower intensity (Table I) .
The absorption bands for pyridine, when it is free, when it is protonated, and when it is bound to ruthenium(III), are close in energy while the analogous band for the pyridine bound to ruthenium(I1) is shifted to higher energy. Ford, Rudd, Gaunder, Taube 1 Pentaamminepyridineruthenium(II) Figure 1 . Absorption spectra of pyridine complexes in water (spectra in mp).
Ruthenium(I1) Complexes of Substituted Pyridines.
The effect of substituents on the position of the visible absorption band of compounds of the type (NH&Ru-(py-X)(C104)z (where py-X is a meta-orpara-substituted pyridine) is summarized in Table 11 . Clearly, the position of the band is extremely sensitive to the nature of the substitution, especially to those substituents in the para position. The trend is such that electron-withdrawing groups (as estimated by the Hammett a-substituent function) in both the para and the meta series lower the energy of the transition. However, para substituents which have possible 7r interaction with the aromatic ring have the greater effect in lowering the transition energy. The dramatic difference in their effect on the spectra of these complexes between functional groups which can interact with the 7r orbitals of the complexed pyridine ring and those which cannot interact provides a probe into the chemistry of thep-formylpyridyl com plex (Figure 2) . In water the spectrum has two resolvable peaks in the visible range, one at 545 mp and the other at 420 mp. In 50z aqueous methanol the absorption at 420 mp is accentuated at the expense of the lower energy transition, and in absolute methanol the trend is continued further. These data undoubtedly reflect an equilibrium between the aldehyde species and some other derivative of it, presumably the aldehyde hydrate in water (eq 1) and the acetal or hemiacetal form in methanol.
Analysis of the spectrum in water using the approximations for band shape described in the Discussion section (below) indicate that the hydrate form is 17 z of the total complex concentration at 37", giving an equilibrium constant of KI = 0.20. This method of obtaining the equilibrium constant is not ideal and was adopted only because the nmr method, which, as described in the following, works well for the uncomplexed pyridine, fails for the pyridine-ruthenium complexes. The reason for the failure to observe a signal is not known with certainty; we are inclined to ascribe it to line broadening by traces of Ru(II1). It is of interest to consider the effect of metal ion coordination on the magnitude of this type of ligand equilibrium constant, and thus the ratios of the hydrated to carbonyl form of the free p-formylpyridine and of the protonated p-formylpyridine were determined in this case using the nuclear magnetic resonance spectra in DzO. For free p-formylpyridine, the spectrum included the expected aromatic protons at 7.50-8.90 ppm4 with an assumed integration of four protons as well as two other resonances at 6.13 and 10.08 ppm., respectively. The total integration of each of these two equals one-fourth of the total aromatic protons, indicating that these two reflect the free aldehyde-aldehyde hydrate equilibrium, the lower field resonance being that of the carbonbound aldehyde hydrogens5 The spectrum of the protonated p-formylpyridine is very similar. Hydrate equilibrium constants for the free p-formylpyridine, the protonated p-formylpyridine, and the pentaammineruthenium(I1) complex of the p-formylpyridine at 37 O are summarized in Table 111 . The data show that coordination to the ruthenium(I1) center favors the carbonyl over the hydrate form of the ligand. Solvent Effect on the Visible Range Spectrum of (NH3)6Ru(py)(C104)2. The absorption band appearing at 407 mp in the spectrum of aqueous pentaamminepyridineruthenium(I1) perchlorate solutions proved to be very sensitive to environmental characteristics such as the nature of different solvents. The position of this band for solutions of pentaamminepyridineruthenium(I1) perchlorate in different media is reported in Table IV . Attempts to correlate the shifts of the band maxima from its position in water with known solvent parameters such as dielectric constant as well as with the empirical relationship derived by Kosower (2 values)6 proved unsuccessful. A significant observation is that added potassium chloride affected the spectrum of the complex in dimethylformamide solution, shifting the A, , , of the visible absorption to higher wavelengths. However, similar shifts were not observed in aqueous solution. These observations suggest that the solvent effects may be intimately connected with ion pairing.
Azine Complexes. To investigate the possibility that the spectral features of these complexes might show some dependence on the energy of the unoccupied molecular orbitals of the free ligands, a series of pentaammineruthenium(I1) complexes of aromatic nitrogen heterocycles was prepared. The heterocycles used in this series were pyridine, pyrazine, pyridazine, pyrimidine, and s-triazine ; for these, the polarographic half-wave potentials of the one-electron reductions in dimethylformamide have been measured.' It is evident from the data summarized in Table V that a strong interdependence exists between the transition energy of the visible range band for each of these complexes and the half-wave reduction potential of the corresponding free ligand. This relationship is dramatically illustrated by the linear plot of the band frequency us. the free-ligand half-wave reduction potential in Figure 3 . In strong acid solution, it is possible to protonate reversibly the pyrazine and the pyridazine-pentaammineruthenium(I1) complexes. The protonation equilibria can be observed spectrally by the large bathochromic shifts of the visible range bands as well as smaller changes in the rest of the spectrum from the nonpro- Table V ). These spectral differences between the free base and the conjugate acid can be used to determine the acidity constants of the complexes. A plot of solution pH us. the ratio of absorption at the wavelengths of the respective maxima for the pyrazine equilibrium demonstrates the characteristic shape of a weak base titration curve ( Figure 5 ). This curve gives a pK, value for the equilibrium (eq 2) of 2.5 I 0. to the reported value for the free ligand, pKa = 0.6,* indicates that the complexed pyrazine is nearly two orders of magnitude more basic than the free ligand.
The pyridazine complex being much less basic could not be subjected to quite the same analysis as the pyrazine complex equilibrium; however, dissolving this compound in solutions of varying acidity gave different ratios of protonated to nonprotonated complex dependent on the acid concentration with half-protonation occurring in 0.93 M hydrochloric acid solution. If changes in activity coefficients are neglected, this result gives a pKa value of 0.03 f 0.05. In contrast to the pyrazine and pyridazine complexes, the pyridine complex showed no distinctive spectral change on dissolving in strong acid solutions up to 6 M in perchloric acid. The pyrimidine complex did show a small and reversible change in its spectrum in hydrochloric acid solution with half-protonation of the complex in solution estimated as occurring at approximately 1 M acid. However, in these strongly acidic solutions, the complex underwent rapid and irreversible decomposition to unknown products.
Attempts to prepare and isolate the pentaammineruthenium(II1) complex of pyrazine, (NH3)5R~(C4-H4N2)+3, by a method similar to that described in the Experimental Section for the Ru(II1)-pyridine compound proved unsuccessful due to the sensitivity of the desired compound to the synthetic conditions. However, oxidation of the pentaamminepyrazineruthenium-(11) complex by titration with cerium(1V) perchlorate solution gave a faintly yellow solution having spectral 
Experimental Section
Spectra. Ultraviolet and visible range spectra were measured using either a Cary 14 or a Cary 15 recording spectrophotometer.
Unless otherwise noted, spectra were recorded with the cell com-
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num-foil-covered silica cell (1-cm path length), which was then sealed. All the mixing and transferring procedures were carried out in an all-glass apparatus under a purified nitrogen atmosphere to exclude air and covered with aluminum foil to reduce exposure to light. The spectrum of the product solution was recorded on a Cary 14 spectrophotometer within 10 rnin of chromous addition. From the value of the initial absorbance, the extinction coefficient at 408 mp was calculated to be (7.78 & 0.06) X lo3 M-1 cm-'. A 2 % increase in absorbance was observed after storing the solution in the dark for 12 hr. Much greater optical density increases were observed when the solution was exposed to light for extended periods.
pH Measurements. pH measurements were made with a Beckmen Model G pH meter at 25' using a commercial standard butfer solution (pH 4.0) as the reference point.
Synthesis. The majority of the pentaammineruthenium(I1) complexes of the substituted pyridines and related nitrogen aromatic heterocycles were prepared by method 1 described below. However, the complexes of pyridazine, pyrimidine, and s-triazine were synthesized by the milder procedure (method 2).
[ 
Discussion
Spectrum of (NH&Ru(~Y)~ +. Several pieces of evidence presented above strongly indicate that the broad visible absorption bands observed in the spectra of the pentaammineruthenium(I1) complexes of pyridine and of the other aromatic nitrogen heterocycles are metal-to-ligand charge-transfer absorption. These would be analogous to the assignment made for spectra of the iridium(I11)-pyridine complexes. Electronwithdrawing substituents on the pyridine ring result in substantial bathochromic shifts in the band maximum while electron-donating substituents result in hypsochromic shifts. Clearly the direction of these effects is consistent with the expected behavior of an electron transfer from the ruthenium(I1) center into an unoccupied orbital (presumably the lowest lying n-antibonding orbital) of the pyridine. The same type of behavior would also be expected if a d-d transition internal to the ruthenium(I1) center were in question, but the intensity of the observed absorption in this, an octahedral complex, argues against this interpretation. Furthermore, the behavior of the visible band in different solvents is strong evidence in support of the charge-transfer assignment. A metal-to-ligand electron transfer leads to a separation of charge in the excited state, and the energy required for this type of transition should be especially sensitive to the environment of the complex ion. In contrast, a d-d transition in a nonlabile complex should show little dependence on its external environment.
The spectra of the azine complexes provide an especially interesting probe into the nature of this absorption band. Wiberg and Lewis7 have calculated the energies of the molecular orbitals of pyridine, pyrazine, pyrimidine, pyridazine, and s-triazine using the SCF-MO-LCAO method. They report that the polarographic half-wave potential of the one-electron reduction at a dropping mercury electrode in anhydrous dimethylformamide demonstrates a linear relationship with the calculated energy of the lowest unoccupied molecular orbital of the aromatic nitrogen heterocycle. The linear plot of the polarographic potential for the free ligand us. the energy of the charge-transfer transition in Figure 3 for pyridine and the three diazines is perhaps fortuitous; however, dependence between the energy of the unoccupied orbitals and of the charge transfer is certainly expected. The linearity of the relationship implies that the effects of coordination on the unoccupied molecular orbitals of the ligand and on the ruthenium(I1) d orbitals for the series must be constant, cancelled out, or insignificant. The absorption band at 244 mp observed for the pentaamminepyridineruthenium(I1) ion in aqueous solution probably reflects a transition between molecular orbitals essentially localized in the pyridine ligand. l 1 The energy of the transition as well as its intensity are closely analogous to those for the free pyridine, protonated pyridine, and pentaamminepyridineruthenium(II1). The -100-A hypsochromic shift of the absorption maximum of the ruthenium(I1)-pyridine complex ion from those of the other three may reflect some special interaction between the ruthenium(I1) d orbitals and either the lowest lying antibonding or highest bonding molecular orbitals in the pyridine moiety, as will be discussed.
Protonation Equilibrium Constant for (NH&Ru(pyrazine)2+. The one clear piece of evidence suggesting substantial ground-state interaction of the ruthenium(I1) d orbitals with the TT molecular orbitals of the aromatic heterocyclic ligand comes from the pKa measurement for the pentaamminepyrazineruthenium(I1) complex ion. The doubly charged cation (pKa = 2.5 f 0.1) is nearly two orders of magnitude more basic than the uncoordinated ligand. Since the protonation i? accompanied by a large bathochromic shift (570 A) of the charge-transfer band, the uncoordinated nitrogen base site of the bound ligand must be the active base. If protonation occurred at the filled d orbitals of the metal center, the result would be to raise, not lower, the energy of metal-to-ligand charge transfer. The electrostatic effect of coordination of the pyrazine to the positively charged pentaammineruthenium(I1) center would be expected to make the remaining nitrogen less basic than the free ligand. In support of this conclusion, the pKa of the pentaamminepyrazineruthenium(II1) complex ion, (NH&R~(pyrazine)~+, is at least 1.5 orders of magnitude less basic than uncoordinated pyrazine12 (Table VI) . The inescapable conclusion is that the ruthenium(I1) center participates in some special interaction with the ligand that more than compensates for the expected electrostatic effect. Such an interaction must be back-donation of electron density from the filled tPg orbitals into the unoccupied T antibonding orbitals of the ligand. This kind of interaction will be much reduced for Ru(II1) because the increased positive charge increases the energy required to remove d-electron density from the metal ion. The low basicity of the pyridazine complex (pKa = 0.03) compared to the free ligand (pKa = 2.33) can be explained in the light of the probable steric effect as well as the much greater electrostatic induction from the adjacent pentaammineruthenium(I1). More significant is the lower basicity of the pentaamminepyrimidineruthenium(I1) ion (pKa = -0.0) compared to the free ligand (pKa = 1.3). This can be explained on the basis that the symmetry of the ligand orbital which interacts with the tZg orbitals is such that the coefficient at the meta position is very small, and the dominating contribution from metal coordination at that site is electrostatic.
It is possible to calculate the pKa of the excited states of each of these complexes from the effect of protonation on the spectrum. The bathochromic shift of the visible absorption bands of the pyrazine, pyrimidine, and pyridazine complexes (Table V) is convincing evidence that the transition is indeed a metal-to-ligand charge transfer. The pKa's of the charge-transfer excited state can be calculated from where pKa* is the charge-transfer excited state pKa, pKa(gs) is the ground state pKa, vl is the frequency in wavenumbers of the charge-transfer absorption maxima of the unprotonated form, and v2 is the frequency of the corresponding transition in the protonated form. In each case the pKa* of the pentaammineruthenium(I1) complex of the diazines (pyrazine, 7.3 ; pyrimidine, -1.9, and pyridazine, 6.5) is substantially greater than pKa(gs) (Table VI), suggesting that ligand electron density is significantly increased in the excited state.
Band Shape of the Charge-Transfer Absorption. In the discussion above, the assumption has been made that the charge-transfer absorption maximum represents a single transition. However, the band is asymmetric and does not follow the Gaussian distribution curve.13 Analysis of the band shape using the Gaussian formula ( Figure 6 ) allows one to resolve at least one additional maximum in nearly every case, but not cleanly, and this additional band may well not be real. Charge-transfer absorptions are normally asymmetric. Briegleb l 4 states that charge-transfer absorp-(12) In fact, the effective acidity of perchloric acid solutions as concentrated as that required for half-protonation of pentaamminepyrazineruthenium(II1) is substantially greater than the molarity (6 M ) : R. P. tions are usually unsymmetrical with the band at halfheight being approximately 40 % broader (in wavenumbers) on the high-energy side than on the lowenergy side. The pentaammineruthenium(I1) complexes of the aromatic heterocycles show asymmetry on the high-energy side ranging from 80% broader for the pyridine complex to 10% for the pyrazine complex. Consequently, while more than one transition may occur in the charge-transfer region, there is no unequivocal evidence supporting this possibility.
Aldehyde Hydration Equilibria. The low hydrate formation constant for the pentaammine(p-formylpyridine)ruthenium(II) ion ( K = 0.20 in D2O at 37") compared to hydrate-aldehyde equilibrium constants for free p-formylpyridine ( K = 0.84) and its protonated analog (K = 0.88) is further indication of a n interaction between the ruthenium(I1) d orbitals and the aromatic ring. A purely electrostatic inductive effect on the equilibrium by metal ion coordination should be no greater than that of protonation. This fact was demonstrated in a study by Price15 in measuring the consequence of coordination to pentaamminecobalt(II1) on pyruvate hydrate formation. proved to be more hydrated than the pyruvate anion (K' = 0.089) but less so than pyruvic acid (K" = 1.03). The Co(II1) center, because of the increased positive charge, would not be expected t o have significant backbonding properties, and thus its influence should be purely electrostatic, and it is observed to be less than that of a proton. Presumably, coordination stabilizes the carbonyl form of the aldehyde over the hydrate form in the pentaammine(p-formylpyridine)ruthenium(II) ion because the carbonyl group but not the hydrate form can accept the electron density donated to the conjugated system by Ru(I1). A Molecular-Orbital Description of (NH&RU(PY)~+. A simplified molecular-orbital description of the pentaamminepyridineruthenium(I1) ion appears in Figure 7 . At the left, the free pyridine n orbitals are represented, and on the right is a crystal field approximation for the ruthenium(I1) 4d orbitals in an octahedral field of six ammonias. Perturbation of Oh symmetry to CZv by substituting a pyridine for one of the ammonias (excluding any special T interaction) splits the d orbitals in the manner shown in column 3. Mixing of the B2(n*) and the B2(d,,) as well as A2(n*), A2(d,,), and A2(dxl-yl) orbitals and leaving the other orbitals essentially unchanged gives the order in column 2. The A2-A2 interaction is undoubtedly small because of the separation which reduces overlap between the d orbitals in the xy plane of the metal ion and the A2(n*) orbital of the ligand. Consequently, the primary contribution to "back-bonding" must be the B2-B2 interaction mixing the lowest unoccupied ligand orbital with the d,, orbital to give two new molecular orbitals, one bonding but still primarily of metal d character and one antibonding but still primarily of ligand K* character.
In the Clv point group, all transitions except A2-AI and B2-B1 are symmetry allowed ; however, in the spectrum of the pentaamminepyridineruthenium(I1) ion only two transitions are resolvable. One of these at 244 mp is undoubtedly the equivalent of the B2( n*) + Al(n) band observed at 253 mp in the free ligand. The hypsochromic shift in its energy can be the result of the splitting due to the interaction of the B2 orbitals.
Because of the sensitivity of the charge-transfer absorption to substituents in the para position of the pyridine ligand, the observed band must be a transition from either the A2(d,,) or Bz(d,,) occupied orbitals into the B2(n*) orbital (the A2(a*) has a node through the para position). The complication arising here results from the fact that five transitions are symmetry allowed : A2(n*) + A?(d,,), and A2(a*) + B2(d,,), while only one charge-transfer absorption is unequivocally identifiable. In the pyridine complex, A2(n*) and Bz(s*) should have very similar energies in analogy to the orbital picture for the free ligand,'* and the d,,, d,,, and d,, orbitals are also not widely separated. Consequently, the reasonably broad charge-transfer band (width at halfheight = 4300 cm-l) could be a compilation of all five transitions. On the other hand, because of the much greater separation of the A2(n*) and the B2(n*) orbitals in free pyrazine, l6 the pentaamminepyrazineruthenium-(11) complex should demonstrate analogous separation of these orbitals. In this case one would expect significant broadening of the charge-transfer absorption or even resolution of the several allowed transitions. Since the width of the pyridine complex band is not substantially different from that of the pyrazine complex (width at half-height = 3200 cm-l), it appears un-M T * ) + Az(dzu), B2(n*) + &(dvz), A~(x*) -Bl(dZU1, likely that transitions both t o Az(?r*) and to Bz(7r*) are included in the charge-transfer band. Because of the pattern of sensitivity to substituents, the acceptor orbital must be the Bz(T*). The two transitions Bz(n*) + Bz(d,,) and Bz(?r*) + Add,,) could both comprise the absorption band, as the splitting between the d orbitals is probably small and should be relatively insensitive to perturbations on the pyridine ring. umerous attempts have been made to assess the N relative strengths of donor-acceptor interactions in solution by nuclear magnetic resonance (nmr) chemical shift techniques. Although complexes of borane and the boron halides with a variety of Lewis bases have been the object of the most intensive study, l-* similar complexes of Ga(III)S and other ions3t10 have been investigated by nmr methods. Using this technique, one relates the nmr signal displacements observed when the complexing species are mixed, often in another solvent, with the strength and the equilibrium of complex formation. However, at room temperature, only one set of resonance signals is usually observed for a particular ligand, since rapid exchange averages the signals arising from molecules in bulk medium and in the coordination shell of the complex. A study of the displacements of these averaged signals presents several disadvantages. The resonance positions of such signals are subject to all processes occurring in solution,
